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CHAPTER 4

PLUMBI NG | NSTRUMENTS AND TILT MEASURI NG DEVI CES

4-1, CGener al

a. Purpose. Plunb lines, inverted plunb lines, and optical plum
nets are designed to accurately neasure bending, tilting,or deflection
of concrete structures resulting from external loading to the structure
tenmperature changes within the structure, sliding of the structures, or
deformation of the foundation. Through the neasurement of structura
deformations they will furnish information in regard to the genera
el astic behavior of the entire structure and foundation, provide a neans
for determning the elastic shape of the deflected structure which will
permt separation of |oad deflection and thermal deflection conponents,
and, With precise alignnent data, provide for estinmating the amount of
translation or sliding

h. Location. These instruments should be located in structures
where unusual structural deflections are anticipated or where inform-
tion on deflections is required. They should be located in the highest
nmonoliths of the structure and at |ocations where reading stations wll
be easily accessible. The conventional type plunb bob system shoul d be
installed in structures where provisions for installing a plunb bob line
near the top of the structure with a reading station in the | ower part
of the structure can be made. Reading points are provided in one or
nore of the galleries in the |ower portion of the structure and at other
el evations if practicable, where the position of the plunb line with
respect to the structure is measured by a mcroneter mcroscope. Plunb
bob systens based on an inverted pendul umor deflectoneter may be in-
stalled in structures where a reading station cannot be constructed near
the base of the structure, or where it is desired to extend the refer-
ence points into the foundation.

4-2. Description.

a. Plunb Line. The conventional plunb line system is conposed of
a vertical shaft, a suspension assenbly, a plunb bob, line, and dashpot
a reading station, and a mcroscope and mcroneter.

4-1



EM 1110-2-4300
15 Sep 80

b. Shaft. The plumb line wire is housed in a vertical shaft,
usual ly fornmed by enmbedding | engths of non-rusting rigid netal pipe in
each concrete lift fromthe | owest reading station to the suspension
point. Uilizing an elevator shaft or air vent for the plunb line shaft
is usually unsatisfactory since the nechanical and air flow disturbances
therein cause undesirable vibrations of the wire during observations.

c. Shaft Sizes. For deflection plumb lines of lengths up to
200 ft, an 8-in. dianeter pipe installed with reasonable care will pro-
vide a clear projected opening of anple size to allow for maxi mum ex-
pected novenents. A 12-in. diameter pipe is recomended for plunb |ines
exceeding 200 ft. Figure 4-1 shows a section of enbedded pipe shaft in
place, ready for placement of the next lift of concrete.

d. Suspension Assembly. The plunb wire is suspended at the upper
end of the shaft by a suspension assenbly as shown in Figure 4-1 and
Plate 4-1. The suspension plate should be designed with a watertight
cover to prevent noisture entry and corrosion of the wre.

e. Wre, Plunmb Bob, and Dashpot. The wire suspending the plunb
bob shoul d be |/32-in. dianeter stainless steel or other high-strength
corrosion resistant steel wire. Satisfactory results have been obtained
at Libby Dam by using a 20-gage stainless steel wire equivalent to
Federal specification QQ W390C. The plumb line will have a tendency to
stretch with time so a suitable nmeans of adjusting for stretch in the
wire should be incorporated at the upper end of the plumb bob shaft.

The maj or anount of stretch should occur within one nonth of installa-
tion.

f. Plunb Line Danping. The plunmb bob shall be a conventional or
job-built cylinder of a weight sufficient to maintain the wire steady
and free from unwanted vibrations. Past experience has shown that at
least 25 |b is necessary to weight the line. To danp the pendul um ac-
tion of the wire and plunb bob and to mninmize |ocal vibrations of the
wire an oil-filled container is provided in which the plunmb bob is
imersed. This dashpot nust be at least 8 in. in diameter in order to
insure free deflection of the plunb bob, and about 10 in. in depth. It
should be filled with a noncorrosive oil and fitted with a deflecting
metal cover if noisture traveling down the sides of the shaft or the
plumb wire might contamnate the oil.
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g. Reading Station Enclosure. The reading station should be |o-
cated in the lower portion of the structure in the case of a conventiona
plumb bob system It should be a recess in the concrete located in one
of the galleries. The dinensions nmay be simlar to those shown in Plate
4-1.  The enclosure nay also be used as a reading station for the in-
verted plunb line discussed later in this chapter. To prevent unautho-
rized access to the plunb line and reading station facilities, a sheet
steel cabinet or doors should be provided at the recess. This also
serves to elimnate undesirable plunb |ine mvenments sometinmes caused by
drafts. [1lumnation during readings is furnished by one or nore ad-
justable spot lights, and a pernanently lighted bulb or small strip
heater will assist in reducing condensation and corrosion of the neta
plates and bars within the recess. The cabinet doors should be provided
with a suitable latch and |ock

h. Mcroscope and Mcroneter. The noverment of the structure is
neasured by the change in the distance between the plunb line and refer-
ence marks on the base plate attached to the structure. This is accom
plished by neasuring the distance between the plunb Iine and an etched
line on the mcroneter reference bar. The distance is read by a mcro-
scope mounted onto the reference bar at the reading station. Suitable
instruments for this reading have been obtained from the Gaertner Scien-
tific Corporation, 1201 Wightwod Avenue, Chicago, Illinois 60614.

i. Reference and M croscope Support Bars. Wthin each reading
station recess there are two 1/2-in. thick steel plates, welded together
along one vertical edge at an angle of 90°. These plates are placed on
edge, with the welded corner vertical, in a position such that the plunb
line is located in the 90° quadrant formed by the plates. A pair of
pol i shed steel bars extend inward fromand nornal to each plate. One
bar of each pair serves as a mount for the portable microneter slide and
m croscope, Wwhile the second bar provides a surface upon which is in-
scribed a permanent reference point. A keyway is provided in the support
bars to receive the keyed microneter support clanp, and a flat face is
ground along the reference bar. Machining and fabrication of the plates
and bars nust be carefully done in order to obtain true 90° angles.
Oiginally the plate assenbly was oriented at an angle of 45° with the
structure axis, but this required adjustnment conputations to align the
data to the novement of the structure. In recent years it has been nore
useful to orient the assenbly with one plate parallel to the structure
axis and the other perpendicular to it (in the case of arch dans, radi-
ally oriented) as seen in Plates 4-1 and 4-2

4-3. Installation Procedures.

a. Recess. Forming the reading station recess to receive the
m croscope support rods and plates is a routine concrete construction
procedure and is included with other form work
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b. Shaft. The plunb line shaft is made by installing |engths of
netal pipe vertically fromthe top of the | owest recess up to the sus-
pension point. Spiral welded steel pipe or corrugated nmetal pipe has
been found satisfactory for this purpose. Special care in alignment and
bracing is necessary to assure plunbness of the pipe sections and to in-
sure a clear projected net opening approaching the full size of the pipe
Figure 4-1 shows one bracing arrangenent which has been used

¢c. Suspending the Plumb Bob. The plunb bob should be suspended
fromthe center of the net opening of the plumb line shaft. This point
nmust be located on the suspension plate so that the wire will hang from
the suspension plate over the center of the shaft. It can be |ocated
by suspending a tenporary plunb line froma transit |ocated over the
shaft. The plunmb line should be sufficiently long to reach from the
transit to the top of the reading station. A sheet of cardboard is se-
cured in place directly beneath the Iower end of the shaft, and a pat-
tern of the clear projected net openings of the pipe established by
mar ki ng the positions of the plunb bob as the suspension cord is nmoved
around the periphery of the pipe at the top of the shaft. The plunb bob
should be allowed to come to rest at each of the eight or ten points
required to define the clear opening pattern. Wth the cardboard stil
in place the center of the pattern is established to within 1/4 in.
and projected to the top of the shaft by means of the tenporary plunb
line. The permanent plunb line will be set as close to this center
point as possible.

d. Permanent Installation. Installing the permanent plunb bob
must be done with care to avoid kinks and twists in the plumb wire. The
wire is threaded through the collet in the plug, through the suspension
plate and attached to the plunb bob as shown in Figure 4-2. Wth a con-
ventional plunmb bob the cap nay be renpved and the connection nmade by
threading the wire through the hole in the center of the cap, the inte-
rior of which contains a cone-shaped recess. The wire is twisted around
a short nail lodged in the cone-shaped recess and hot sol der poured in
to cover the nail and fill the cup. After the solder has cooled, the
cap is lowered through the shaft to the reading station as in Figure
4-3.  \Wen the plumb bob cap is at the level of the damping pot, the cap
is screwed onto the bob, lowered into the danmping pot and sufficient oi
added to cover the plunb bob. The freely suspended bob is adjusted to
an el evation just belowthe oil level in the dashpot, and the wire
securely fixed at the suspension point.
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Figure 4-2. Attaching Wre to Plunb Bob Cap (Courtesy of the Tennessee
Val l ey Authority).

Figure 4-3. Lowering Plub Bob Cap and Wre Through Suspension Plate
(Courtesy of the Tennessee Valley Authority).
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e. Tightening the Plumb Wre. Since the wire is subject to
stretching under the weight of the plunb bob, the attachment at the sus-
pension plate should be nade to be permanent but should have provisions
for removing the slack as the wire stretches. \Were the suspension point
will continue to be reasonably accessible, the closing nut of the spring
collet is tightened to securely grip and hold the plumb line wire. For
suspension points which will become inaccessible, the spring collet nay

be elimnated, and the wire wapped around a short nail, placed in a
cone-shaped cup in the top of the suspension plate, and the cup filled
with hot solder. In the situation where the suspension point will be-

come inacessible provisions for removing the slack in the wire should be
made at the plunb bob end. For protection of inacessible suspension
points, two coats of red lead paint should provide the necessary pro-
tection.

f. Laying Qut the Reading Station. The suggested layout of the
reading station should be simlar to that shown in Plate 4-1. Each sta-
tion should consist of a recess in the concrete adjacent to a gallery or
other accessible space containing access from above for the plunb |ine
shaft, the reading apparatus and support assenbly, adequate lighting to
illumnate the reading apparatus, heating equiprment to nininmze noisture
condensation and a dashpot filled with oil to danpen nmovenent of the
pl unb bob.

(1) The position of the two microscope nounts and two reference
bars attached to the bar support plates should depend upon the follow ng:

(a) Maxi mum expected novenent of the plunb Iine.
(b) Mechani cal working distance of the microscope. This is the
distance, in inches, fromthe front of the objective lens mount to the

obj ect pl ane.

(c) Length of telescope draw tube travel. This is the external
range of the rack and pinion nmovement of the objective |ens nount.

(d) O fset dinensions of the mcroneter support clanp.
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(2) The first step in determning this positioning is to estab-
lish the expected extrene positions of the plumb line shown in Plate
No. 4-2. The range of annual novenent in a direction normal to the axis
of the damis determned by adding the structural deflection due to a
full reservoir water load to an estimated annual tenperature deflection
cycle. Both the annual tenperature deflection cycle and the sane cycle
modi fied by the maxinum | oad deflection are superposed upon the esti-
mat ed pernmanent thernal deflection to obtain the maxi mum possible range
normal to the axis of the dam  Since transverse novenments are generally
smal | and inpossible to predict with any degree of accuracy, the trans-
verse range of the plunmb line is estimated to be at |east one eighth of
the total estimted upstream downstream novement on each side of the
initial position of the plunb line.

(3) The second step consists of deternmining the length and posi -
tion of the reference bars and establishing the required size and char-
acteristics of the mcroscope and microneter slide. The shaded rectangle
in plate No. 4-2 represents the area of extrene plunb |ine novement pre-
viously established, and the reference bars should be l|ocated as close
as possible to the sides of this shaded area to increase reading accu-
racy. The optical characteristics of a selected microscope are laid off
on the diagram to establish a position of the nicroscope from which the
reference bar and plunb line may be viewed satisfactorily without inter-
fering with plunmb line nmovenents. Modification of the mechanical work-
ing distance of the selected microscope is possible by substituting an
objective lens with a different focal length. It is generally good
practice to provide for at least 2 in. of clear distance between the end
of the mcroscope and the plunmb line movenment rectangle, or nore where
the plunmb line is exceptionally long or where foundation defornations
may be considerable. The required range of the nmicroneter slide is
determined by projecting the extremes of the novenent rectangle upon the
reference bar, and a micronmeter slide selected which is capable of reach-
ing each end of this projected dimension from the proposed |ocation of
the reference mark.

(4) The third step locates the position of the mcroscope support
bar with respect to the reference bar. Wth the distance from the end
of the mcroscope to the reference bar deternined, the location of the
mcroneter slide which will receive the nmicroscope is established. The
di mensions of the clamp holding the vertical rod which supports the nicro-
neter slide determ nes the position of the support bar with respect to
the reference bar. The support bar is located at an elevation such that
the mcroscope line of sight and the reference bar are in the same hori-
zontal plane.
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(5) After the bar sizes and |ocations have been worked out ini-
tially on the drawing board, and before fabricating the plates and bars,
it is reconmended that the dinensions and details be checked by a full-
size nockup. The plates may be of wood, with holes drilled to receive
the steel reference and support bars. Sightings with the nicroscope and
m croneter slide should be nade on a short length of plunb Iine suspended
at extreme, as well as intermediate, positions to test the design |ayout.

M croscope and Mcroneter Slide. The nicroscope and nicroneter
slide should be procured by the Governnent prior to installation of the
plunb bob or fabrication of the bar support plates. Information on diam
eter of shaft, the nechanical working distance of the mcroscope and
met hod of attachnent of the micronmeter slide to the reference bar wll
all be used to deternmine the size of the reference bars and position of
reference and rider bars on the support plate. Gaertner Scientific Cor-
poration, 1201 Wightwood Avenue, Chicago, Illinois 60614, manufactures
m croscopes that insert in mcronmeter slides. Qher manufacturers may
al so make acceptable microscopes and mcroneters; this is just one source
that has been used in the past with good results. \Wen the plunb line
movenent is expected to be limted to a square having an area of 1-1/2-
in. on a side, Gaertner nmodel MLO1A nicroscope and mcrometer slide with
special nodified mount nodel MO1AD may be used. Wen a 4-in. square
deflection area is considered necessary, it can be obtained by using
Gaertner model Ms33 microscope, and mcronmeter slide nodle MO3A.

h. Alignment. The plunb bob and wire, suspension plate and bar
support plate may be procured and installed by a contractor but coordi-
nati on between the contractor and Governnment forces faniliar with instru-
mentation is necessary, and final fabrication of the suspension plate
and bar support plates should be withheld until information on actual
installation of the shaft is conpleted. Setting the bar support plates,
and machining and aligning the bars nmust be carefully done by a conpe-
tent machinist, and the assenbly checked repeatedly during erection by
the engineer responsible for the instrumentation installation. Reliable
defl ection nmeasurenents demand the cl osest possible alignnment between
the parts and angul ar accuracy not exceeding 0.5 degree. The plates
should be firmy secured in their proper position by backfilling behind
the plates with concrete or by welding to anchor bolts in the floor or
sides of the reading station recess.
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1. Marking Reference Points. A pernanent reference mark is
scratched on the flat surface of each reference bar in the follow ng
manner; the vertical cross hairs of the microscope are aligned with the
plumb line and the nmicroscope then focused on the reference bar. Wth a
straight edge or metal rule placed firmy against the reference bar and
bei ng plunbed by reference to the cross hairs, nmake a vertical scratch
on the reference bar by one pass of a razor blade along the edge of the
rule. A second, diagonal scratch is added, and the two scratches rubbed
down to very thin lines with crocus cloth or fine abrasive powder. The
poi nt of intersection of the two lines is used as a base for referencing
all subsequent positions of the plunb line

j.  Location of the Scribe Marks. By placing the reference
scratches just upstream or downstream of, or towards the right or left
abutnent of, the plunb line travel area, all subsequent neasurenents of
the plumb line will always be made to one side of the reference nark,
and the error of identifying the direction of nmovement will be elim-
nated. The microneter slide range should also be considered in locating
the scribe mark so that it will not be exceeded by placing the mark so
far downstreamthat the maxi mum nmeasurenment upstream may not be obtain-

able. If a micrometer with range smaller than the expected maxi mum
plumb line travel is used, the reference marks should be scribed m dway
between the limts of expected plunmb I|ine novenent. If this latter

reference mark location is adopted, a thick stripe of colored ename
shoul d be applied longitudinally along the flat face of the reference
bar on one side of the reference point, and a contrasting colored strip
on the other side of the point, to visually assist and remnd the ob-
server to recognize and record the position of the plumb line with re-
spect to the reference nmark. The scribe mark and initial readings
shoul d be perfornmed by an instrumentation engineer fanmiliar with the

m croscope and plunb bob system operation. The instrunmentation engineer
should train at |least two of the project operating personnel in the use
of the mcroscope and micrometer slide as these are precision instru-
ments which require detailed instructions on their care and use

4-4, Maintenance and Care of Equipnent.

a. Reading Station Facilities. A light filmof oil rubbed over
the reference and support bars at the conclusion of each observation will
afford supplementary protection against corrosion. This oil film and
any noisture condensation, should be wiped off when readings are made
Nornmal Iy the only maintenance required for the plunb line will be keeping
the oil-filled danping pot filled to the proper level, and checking to
make sure that excessive stretching of the plunb wire has not occurred
Additionally, the light bulb or heating element in the reading station
should be checked periodically to insure that it has not burned out
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b. Mcroneter Slide and Mcroscope. The microneter slide and
m croscope should be stored in their carrying case in a safe, -dry place,
not in the reading station. Since they are precision instrunents, they
must be handled with care at all times. One or two drops of light lubri-
cating oil applied to exposed screw threads and sliding surfaces of the
mcroneter at intervals of several nonths should be sufficient to keep
the instruments |ubricated.

4-5, Col | ection of Data.

a. (Observation Technique. The microscope and microneter slide
are precision instruments designed for precise |aboratory work, and
should be used in a manner conforming to good |aboratory practice. So
far as practicable, all mcroscope readings should be nade by the sane
i ndividual, thoroughly fanmiliar with procedures prescribed herein.
Whenever it becomes necessary to change observers, either for a short
period of time or permanently, the reconmended step-by-step operations
to be followed in making readings should be carefully expl ai ned and
denonstrated to the new observer. A witten instruction sheet usually
will be found indispensible.

b. Reconmmended Procedure for Plunb Line Deflection Observations.

(1) Slide clanmp, mcrometer rod and collar, and nicroneter onto
the support bar, insert mcroscope, and clanmp entire assenbly in a posi-
tion such that the reference mark and the plunb line fall within the
range of the micrometer slide.

(2) Adjust position of microneter rod and collar so that the
m croscope horizontal cross hair is slightly above or below the refer-
ence mark, and the plane of the micrometer slide novenent is parallel
to the reference and support bars. [f the nicroneter rod is properly
keyed to the rod support clanp, this latter step is not necessary.
Gt herwi se sonme other means nust be used to assure that the mcroscope
line of sight is exactly perpendicular to the reference bar. Sighting
through the microscope into a small mirror held against the flat surface
of the reference bar, and twisting the microneter assenbly until the
cross hairs and their reflection coincide, may serve to determ ne the
propert position.

(3) Wth the objective lens out of focus, focus the eye piece
sharply on the system of cross hairs.
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(4) For the next four steps, the positions of the nmicrometer rod
and assenbly support clanp nust not be disturbed. Focus objective lens
on the reference bar. By use of the microneter slide wheel, nove the
slide and mcroscope well to the left of the reference mark, and then
bring the slide back slowy until the reference mark is centered at the
cross-hair intersection or between the parallel vertical hairs. stop
the cross hairs precisely in the proper position; do not attenpt to
make slight adjustments by reversing the wheel motion. |If the reference
mark is "overshot", nove slide to far left and start again. Read and
record microneter slide position.

(5) Repeat operation, approaching reference mark fromthe right,
and record nicrometer slide position. By approaching the reference mark
both fromthe left and fromthe right, the effect of any slack in the
gears and cogs of the slide mechanismwill be elimnated.

(6) Focus objective lens on plunmb wire. By neans of the nicrom
eter slide wheel, mve the slide and nicroscope well to the left of the
| eft edge of the plunb wire, and then bring the slide back slowy until
the intersection of the cross hairs or the two vertical parallel hairs
are centered on the left (or near) edge of the plumb wire. Do not adjust
position by reversing wheel notion. Read and record microneter slide
position. Then continue novenent of the slide until the cross-hair pat-
tern is centered over the right (or far) edge of the plunb wire. Read
and record microneter slide position.

(7) Repeat operation, approaching plunmb wire edges fromthe right
side, and read and record micrometer slide positions.

(8) Visually observe and record the relative position (upstream
or downstreanm) of the plunb wire with respect to the reference nark.
The difference between the average of the Step 4 and Step 5 readings and
the average of the Step 6 and Step 7 readings represents the dinensional
position of the plunb line with respect to the reference nmark.

(9) Repeat Steps 4 through 8 twice nore fromthe sane support
bar.

(10) Repeat Steps 1 through 9 for the second pair of support and
reference bars.
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¢c. Reading Schedules. Initiation of the long-tine observation
program early in the life of the structure will provide data on the ef-
fects of cooling and tenperature adjustnents within the structure, early
deformations of the foundation, and deflections of the structure under
first applications of load. Wen a plunb bob systemis being installed
in an existing structure, the early pattern or readings wll establish
the nmoverment of the structure such that at later dates l|ess frequent
measurenent can be made.

d. Frequency of Readings. Daily readings should be nmade for about
the first two weeks in order that the observer may becone faniliar with
the equi pment and procedures. A program of observations at weekly in-
terval s should be followed for the first year, to define the range of
cyclic nmovement and obtain detailed information on initial deflections.
After this period a reading interval of about two weeks will adequately
define the annual deflection cycle under normal reservoir operations.
(bservations at intervals of greater than a nmonth are of little value.
At | east one reading should be made when the reservoir |evel approaches
or reaches the maxi num design pool elevation. Reading schedules should
becone nore frequent in periods of extreme tenperature or other condi-
tions of nature where it is suspected that abnormal deflections may oc-
cur.

e. Special Observation Schedules. One or nore special observa-
tion series may be required at selected installations to deternine the
anplitude of the daily movenent cycle. Readings at intervals of two
hours over a period of 24 or 48 hours, twi ce annually, are generally
specified. Data obtained permits the deternmination of the magnitude of
defl ections due entirely to changes in surface tenperatures of the
structure, since external |oads and annual tenperature cycle adjustnents
will not vary significantly during the short observation period.

f.  Supplenmentary Data. Reservoir pool and tailwater elevations
(to the nearest foot) existing on the dates of observations nust be in-
cluded in the neasured deflection records. A daily record of water
surface elevations is nore useful, and is usually available from routine
project operation records or from other instrumentation data. Air tem
perature readings, froma recorder or fromhourly observations, are
required in connection with the special deflection observations series.
Average nmonthly air tenperatures for each nonth of |ong-tinme observation
data are sufficient.

g. Coordination with Qher Readings. The plunb |ine readings
should be taken at the same time as the alignment readings are taken to
allow an accurate pictures of the total novenent of the structure.
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4-6. Processing of Data.

a. Field Data Sheets. Mcroneter slide readings for each of the
three (or nore if required) trials from each of the two mcroscope sup-
port bars at a reading station are recorded on a single field data sheet
for each plunb line observation. This sheet is shown on Plate 4-3. Not
only should the position of the plunb line (upstream or downstream or
towards the left abutment or right abutnent of the reference mark) be
noted on the field sheet, but a scheme for identifying each of the two
reference marker bars at a reading station nust be adopted. This may be
done by designating the reference bar on the right of the plunb line
(nearest the right bank of the strean) as the A-bar, and the other the
B-bar. Oher schenmes may be equally satisfactory, providing the neaning
of the termnology is explained and is used consistently. Space is pro-
vided on the field sheet for noting weather conditions, dates, tines,
and simlar data which frequently proves useful in interpreting unusual
results. The field data sheets should be retained permanently, as they
represent original and irreplaceable field notes.

b. Reduction of Data. The field data should be forwarded to the
Engi neering Division for conputation and evaluation. The values of de-
flection can be directly read from columm 13 of the Field Reading Sheet
with the proper sign applied to this value. These values can be inserted
into a deflection conputation sheet simlar to that shown in Plate 4-4
for a time history of deflection.

c. Presentation of Results. The deflection history plots (plate
No. 4-4) should be prepared for the two principal directional novenments
at each reading station from the deflections conputed on the data rec-
ord sheets. The purpose of this initial plotting is to detect signifi-
cant error in either the field observations or the data reduction opera-
tions, to elimnate mnor discrepancies in the deflection nmovenent cycle,
and to provide deflection values at internediate dates. The preparation
of the history plots is the final step in the field data collection pro-
gram

4-7. I nverted Plunb Line.

a. General. The inverted plunb line is simlar in construction
and operation to the conventional plunb line. It consists of an anchor
at the base or foundation, a plunb wire, and a float assenbly at the top
end of the plumb line. The float noves freely in a container of oil and
establ i shes the plunmbness of its wire from being perpendicular to the
surface of the oil. It is used in conjunction with conventional plunb
lines to extend the length of measurable plunb path and to make reading
of a long path easier since both reading stations can be combined in the
sanme opening.
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h. Alternate Inverted Plunb Line. It is recommended that an in-
verted plunb line that is read directly beneath the float be used. It
is also recommended that the inverted plumb line be located in the sanme
monolith and reading station as the conventional plunb lines. However,
if a situation arises where there are no convenient galleries, or it is
desired to run the inverted plunb line from foundation to top of struc-
ture, an alternate type of inverted plunb line can be used. This system
is shown in Plate 4-5, drawing 1, 2, and 3 of 3. The systemis differ-
ent in that the wire is not read as the moving elenent but a pair of
cross hairs that are scribed on the top nut of the float and these cross
hairs are read from above the float through a plexiglass cover. The
cross hairs are read through a mcrometer operated microscope nmounted on
the plexiglass cover. This system shown in Figure 4-4, provides an
alternate method of inverted plunb readings when galleries are not avail-
able. Since the wire is not the part of the systemthat is read, sone
errors due to twist of the float may be expected and the reading of the
cross hairs can be hanpered by condensation on the underside of the
pl exi gl ass.

Figure 4-4. Float and Reading Assenbly of Alternate Inverted Plumb Line
(Photo by MES)
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c. Description of Conponents. The shaft and plunb wire require-
ments for the inverted plunb line are the sane as for the conventiona
plumb line. The float assenbly is the mpst changed from the convention-
al plumb line. It consists of a doughnut-shaped tank into which a
doughnut -shaped float is placed and the container filled with oil. The
float has the plumb wire attached to its center and the wire runs through
the center of the doughnut-shaped tank as shown in Plate 4-5. The wire
is weighted at the other end with a weight of approximately 25 Ib sim-
lar to the conventional plunb |ine.

d. I nstallation.

(1) Anchor. The shaft can be drilled to the bottom of the nono-
lith or can go into the foundation. The plunb wire is anchored to either
a plate that is grouted into the bottomof the shaft or attached to a
heavy weight that is cone-shaped on its bottomand sits in a cone-shaped
receptacle grouted into the bottom of the shaft. The latter nethod is
preferred since the weight can be retrieved if the wire should break
and reinstallation is a sinple procedure of repairing the attachment to
the weight and lowering the weight back into its cone-shaped seat.

(2) Float Assenbly. The tank and float should be installed di-
rectly above the reading station such that the length of wire that wll
be read for dam novenent is close to the float. The tank should be
supported on a frame that rests on the bottom surface of the readout
station, and not secured to the concrete above the readout station.
This prevents the possibility of the tank dislodging fromthe concrete
and falling to the surface of the station. The oil should be put into
the tank until the tension on the plunmb wire is sufficient to keep the
wire from vibrating.

(3) Readout Station. The inverted plunb line should be |ocated
in the same nmonolith with the conventional plunb line such that the sane
readout station that is used for the conventional plunmb |ine can be used
to read the inverted plumb line. The height of the readout station
shoul d be constructed so as to be confortable for the personnel who will
be reading the instrunents. A reading light should be installed in the
bl ockout such that it will provide proper illumnation of the wire when
it isto be read. A portable light constructed fromthe lantern froma
mner's helmet and a nol dabl e substance such as nodeling clay can be
made that will allow the operator to place his portable |ight exactly
where he wants it. This light can be carried fromstation to station by
the instrumentation party.

e. Data Collection. Data are collected in the same nanner as is
described in Paragraph 4-5. The reading schedule should also be as out-
lined in Paragraph 4-5.
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4-8. Optical Plunmet.

a. General. The optical plunmet works on the principle of |ine-
of -sight readings rather than the reading of the novenent of a wire that
is under the influence of gravity. Since they do not measure wire nove-
ment, they nust rely upon bubble levels or mercury reflectors to keep
the reading line precisely vertical. The nore accurate plumets use
the mercury reflectors nmaking use of the reflection of the reading |ine-
of-sight fromthe surface of a pool of mercury which is perpendicular to
the vertical. Since these instruments operate on optical principles
they are susceptible to errors that are caused by refraction of |ight
waves. Various errors can occur due to the atnospheric conditions be-
tween the plunmmet and the target, which becone |arger as the distance
between the two increases. Al so, changes in atnospheric density and
temperature between the instrument and target cause refraction and dis-
tortion of the light waves which, in turn, cause snall errors in the
r eadi ng.

b. Accuracy. The optical plumets that have the highest accuracy
are those which use a nercury horizon for reference to the plunb. These
instruments have an accuracy of 1 in 300,000 or approximtely 0.01 in.
in 328 ft. One such instrunent that has shown sufficient accuracy for
hi gh precision power dam surveys is the Wld G.Q Precision Nadir Pl umet
with mercury horizon, shown in Figure 4-5. It is available fromWlId
Heerbrugg Ltd., CH9435 Heerbrugg, Switzerland, on a special order basis.
It is recomended that if it is desirable to use an optical plumet for
vertical plunmbing, that the |less accurate plumets that rely on bubble
| evel s not be used since a nore precise nmethod is avail able through the
use of the inverted or conventional plunmb Iine

¢c. Description.

(1) Instrument. The instrunent consists of a tel escope mounted
on a rotating base that is graduated in degrees. The location of the
tel escope on the rotating base is controlled by a mcrometer such that
the position of the cross hairs in the tel escope eyepiece is always de-
scribed by a rotation and a translation. The-entire instrument sits on
aring that has three self-centering holes arranged in a triangle with
unequal legs such that the instrunment will always be mounted in the same
manner for each reading.

(2) Targets. The targets on which the instruments are sighted
are of the fixed variety. They should have graduated blocks of a known
width, such as 1 or 2 cm painted on the surface for obtaining the nove-
ment of the structure. The smaller the blocks, the greater the plunbing
accuracy.
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Figure 4-5. WId GQ Precision Nadir Plumret (Courtesy of WId Heerbrugg
Ltd.).
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(3) Shaft. The shaft that holds the targets can be any convenient
diameter, but it should be large enough to allow easy reading of the targets
along its length. The targets should be spaced along the length of the shaft
fromtop to bottomin order to get both relative novenent and overall nonolith
movenment (with respect to the base or foundation) and they should be well

lighted for easy readability. If the air in the shaft should become heated,
then the heat will affect the optical sight line and produce distorted read-
ings; for this reason, the light sources used to illumnate the targets should

be cool, fluorescent-type bulbs that do not distort the |ight waves.

4-9. Tilt Measuring Instruments. The tilting or deflection of concrete
structures resulting from external |oads, tenperature changes, or deformation
of the foundation is a vital piece of information for evaluating structural
safety and stability. This section provides information on types of instru-
ments that are available, both comercially and by special construction, that
are capable of measuring tilt in concrete structures. Sone of these instru-
ments were designed to nmeasure tilt and some were designed for other uses but
are adaptable to tilt neasurenent. Some neasure surface tilt only, while
others can neasure tilt at various elevations within a structure.

4-10. Instruments that Measure Tilt Through a Structure. These instrunents,
most generally, are devices that are lowered through some sort of pipe, bore-
hol e, or channel that has been constructed in the structure. The instrunent
is not fixed to the structure but moves through this channel taking readings
at desired locations through the structure.

a. Digitilt Inclinonmeter. This instrunent, manufactured by Sl ope
Indicator Co. of Seattle, Washington, is mainly designed for neasuring |ateral
novenents in earth enbanknents and rock foundations. However, it can be
installed in concrete structures to make tilt neasurenents.

(1) Description. The sensor is shown in Figure 4-6 along with its
digital read-out indicator. The sensor is 36.5 inches in length and has an
outside dianmeter of 1.69 inches at the body. Two pairs of spring-Ioaded
wheel s at the top and bottom of the sensor guide the sensor when inserted into
the casing which is either an aluninum or plastic tube having four |engthw se
grooves spaced 90 degrees apart on its inside circunference. These grooves
guide the sensor in tw orthogonal directions of neasurement. The electrical
cabl e connected to the sensor is 0.42 inches in diameter, six-conductor cable
with a 1/16-inch stranded steel center wire to support any tension on the
wires. A water-proof neoprene cover surrounds the wires and the cable has
external markings at each |-foot increnent. This inclinonmeter has the overall
sensitivity of one part in 10,000 or to .000 -foot lateral novement per 2 feet
of casing.

(2) Installation Procedures. The only portion of the instrunent
that is permanently installed in the concrete structure is the inclinometer
casing. This portion of the instrument is fitted into a borehole and then
backfilled with a suitable supporting material (generally a cenmentitious
grout). The borehole should be approximately 8 inches in diameter. This wll,
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Figure 4-6. Digitilt Inclinometer and Digital Readout Indicator

accommodate all sizes of inclinoneter casings. The borehole is drilled to

bel ow the el evation where neasurenent is required. Both the al um num and
plastic casings are installed in either 5- or 10-foot sections. The sections
are butted together and joined by neans of a sleeve that is pop riveted to the
sections on each side of the joint. Care should be taken in the joining pro-
cess to mninmze any possible spiral of the grooves in the casing. As each
successive section of casing is added to the previous length, the grooves nust
be aligned with the grooves in the previous section. Care should also be
taken to install and backfill the inclinoneter casing so that it renains
vertical. This is not critical with respect to reading the instrunent since
the first set of readings produces a baseline condition, and all subsequent
readings are relative to the baseline; however, the less vertical the casing
is, the smaller the reading range becomes.

(3) Method of Operation. The sensor consists of two servo-
accel eroneters, one with its sensing axis in the sane plane as the spring-
| oaded wheels and the other at 90 degrees to the first. Changes in tilt with
respect to the vertical nove a servo-acceleroneter. This circuitry produces a
restoring current, the magnitude of which is a neasure of the tilt. The volt-
age output fromthe circuit is proportional to the sine of the angle made *
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*between the longitudinal axis of the sensor and the vertical. Sensor elements
housing the 0.5-gram accel eroneters have a range of operation through
+30 degrees from the vertical, while |.0-gram accel eroneters can function
through +90 degrees from vertical. The voltage output from the sensors is
sent to a digital read-out indicator where the output is displayed on an
illumnated digital display. A nore sophisticated method of read-out is pro-
vided by neans of a magnetic tape indicator (Figure 4-6) that will record the
sensor voltage output directly on tape as well as display the voltage
digitally.

(4) Data Collection. Qutput data are read with a four-digit
bipolar digital voltneter. It is self-contained and runs on a 6-volt
rechargeabl e battery which allows operation for a period of 8 hours before
requiring recharging. The output is given as a voltage that represents a
variation from the vertical through the equation:

0 = sin‘l(v/Z)

where 0 = angle, in degrees, nmade between the |ongitudinal axis of
inclinometer and the vertical
output voltage read on the indicator.

\%

The inclinoneter is lowered to the bottom of the casing by the connecting
cable, and readings are taken at intervals as the inclinoneter is raised from
the bottom of the casing. The voltage reading is transferred to field data
sheets for later conputations. An alternative read-out device is available
that elimnates the possibility of errors obtained by msreading or mscopying
the manual read-out. The device is a magnetic tape recorder that automati-
cally records the output on tape. This tape can then be read into a conputer
for automatic processing of the raw data

(5) Care and Maintenance. The inclinometer and its indicator are
not part of the permanent installation and, as such, are not subjected to con-
tinuous field weather conditions. They should be given the sane care that any
sensitive field instrument is given. The indicator casing remains in the
field at all times. By virtue of its construction, either plastic or aluni-
num it is generally mintenance free; however, the casing should be protected
by a cap that is designed to prevent debris and water from entering when the
casing is not being used.

b. Slope Indicator. This instrument is simlar to the Digitilt
inclinoneter but is less sensitive to tilt due to its method of operation. It
is a less expensive instrument nmanufactured by the same conpany, but can be
used to make tilt neasurenents.

(1) Description. The slope indicator is shown in Figure 4-7. It
is 2.38 inches in dianeter and 15 inches in length. It is connected to read-
out instrunentation by a cable sinilar to the Digitilt inclinometer. It is
gui ded through its casing by a set of spring-loaded wheels also sinilar to the
Digitilt inclinoneter.
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Figure 4-7. Slope Indicator Series 200B Inclinometer Wth Reading Instrumnent

(2) Installation Procedures. The instrunent casing is the only
portion of the instrument that is installed, and its installation is the sane
as that described for the Digitilt inclinoneter.

(3) Method of QOperation. The Slope Indicator instrument consists
of a pendul umactuated conventional Wweatstone Bridge circuit within the sen-
sor. The pendul um contacts a fixed resistance element which subdivides the
element into two resistances formng one-half of the Wheatstone Bridge. The
other half of the bridge is contained in the control case in the formof a I0-
turn precision potentioneter which is nmanually operated to balance the bridge
The lo-turn potentionmeter is coupled to a counting dial reading fromO0 to
1000. The inclination of the instrument is proportional to the potentioneter
dial reading when the circuit is in balance. The instrument has a sensing
range of +12 degrees from the vertical. It has a sensitivity of 1 part in
1000, which means it cannot neasure tilt of less than 3 mnutes of arc

(4) Data Collection. Data are taken by balancing the Weatstone
Bridge. A potentioneter in the bridge is coupled to a counting device regis-
tering from0 to 1000. The nunber read from the counter when the bridge is
bal anced is proportional to the angle of tilt of the instrument. Raw data of
counter readings are taken in the field and |ater reduced to angle of tilt. *
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(5) Casing Spiral. As nentioned earlier, spiral of the grooves in
the inclinometer casing will cause errors in instrument readings. Conse-
quently, inclinometer installation extending to a depth greater than 50 feet
shoul d be checked using the spiral meter devel oped by MRD Laboratory* or other
proven devices to measure the angular change of grooves in the casing for the
purpose of correcting the displacenment direction as measured by tiltmeter
dat a.

c. Wall Deflection Pipes. Several instruments that fall under the
category of instruments that neasure tilt through a structure nust be
installed in the structure during its construction. These instruments rely on
a shaft or casing that has been cast into the structure in order to make their
measurenents. Two instruments requiring shafts are the plunb line and the
optical plumet referred to earlier in this chapter. The instrument that
requires a cast-in-place casing is the wall deflection pipe

(1) Description of the Instrunent. The wall deflection pipes and
deflectoneter (Figure 4-8) are designed and constructed at the US. Arny Engi-
neer \Waterways Experinent Station (WES). The equi pnent consists of a deflec-
tometer, which is a conmpound vice and two dial deflection gages, a plunb bob
attached to the deflectometer, and a casing which is nmade up of flanged sec-
tions of 5 inches inside diameter iron pipe. The casing extends from the top
of the structure down to a point below where the lowest reading is to be
taken. At each joint between pipe sections, there are nounted four silver-
pl ated brass contact rods oriented around the inside wall of the pipe with
each rod at 90 degrees to the adjacent rod. They serve as contact points
inside the pipe

(2) Installation Procedures. Proper alignnent and plunbness of
the deflection pipe are inportant in the installation procedure. The pipe
base plate installation is nost inportant with respect to alignment. It is
installed in the nonolith at an elevation approximately 5 feet below the ele-
vation of the first instrument reading point. Three anchor bolts are cast
into the top of the previous concrete lift such that they will be properly
aligned with the three slotted holes in the base plate shown in Figure 4-9
The base plate is leveled by adjusting nuts on either side of the plate flange

and serves to hold its alignment. It is inportant to align the scribe cross
hairs on the base plate parallel to the two orthogonal directions in which
measurenents will later be taken. If the base plate is not properly aligned

none of the pipe sections will be properly aligned since they all key on the
base plate. Wen the base plate has been properly aligned and |eveled, the
nuts on the anchor bolt are tightened. The leveling and alignnment should be
checked after tightening the nuts and the first pipe section then placed on

* The equi pnent and an operator can be made available to D visions and

Districts upon request. Inquiries should be directed to the Director
MRD Laboratory, 420 South 19th Street, Omaha, Nebraska 68102, phone
(402) 221-3207, FTS 864-3207. %*
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Figure 4-9. Base Plate of the Wall Deflection Pipe

the base plate. Plunbness of each pipe section is achieved by leveling. A
proper sized “0” ring must be placed in the groove provided in the base plate
before the first pipe section is installed. After the first section of pipe
is secured to the base plate with six machine bolts, it is stabilized by
attaching three anchor rods to the top pipe flange and secured to the concrete
lift below.  Turn buckles should be installed in the rods just below the pipe
flange. This is done by inserting eye bolts through three bolt holes in the
flange and attaching the turn buckle to the eye bolts. A special tenporary
cover plate, machined to nake its faces precisely parallel, is placed over the
top of the pipe. The top surface of the tenporary cover plate is then made

| evel by adjusting the turn buckles. This, in turn, plunbs the pipe. Wen
the deflection pipe section has been plunbed, the concreting operation can
begin. As the concrete lift is being placed, the level of the tenporary plate
shoul d be checked and adjusted as the lift rises until it is no |onger possi-
ble to manipulate the turn buckles due to the elevation of the fresh concrete. x
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* At this point the eye bolts should be renoved fromthe flange. The top flange
of the deflection pipe should energe approximately 6 inches from the top of
the conpleted lift. The tenporary cover plate should be replaced with a less
expensive plate and be left on the top flange until the next pipe section is
installed. This will prevent water and debris from entering the pipe. Each
remai ning section of pipe is installed in the same manner as that of the
first. The top of the last pipe section should extend no less than
2-5/16 inches above the top of the structure in order to mate with the
defl ectoneter that fits on top of the deflection pipe. After the deflection
pi pe has been installed, it should be filled with transformer oil which wll
act as a danping mediumto the swing of the plumb bob in the pipe. Care
should be taken in filling the pipe with oil to prevent air entrapnent.

(3) Method of Operation. Figure 4-10 is a schematic diagram
showi ng the equipnent operation. The plunb bob is lowered into the pipe to
contact elevations and noved in four directions 90 degrees from each other
until contact is made as determned electronically. Horizontal positions of
each set of contacts in respect to each other are determned from deflection
gage readings taken upon contact and, therefore, the positions of each set in
respect to the bottom set of contacts. For each coupling the positions of two
contact points are determned so that the center of each coupling is estab-
lished. In this manner any inherent errors in determning the points of con-
tact are partially conpensable. Changes in the relative position of the
coupling centers based on subsequent neasurements indicate the lateral nove-
ment which occurs during the period between the two observations. The appara-
tus was designed to neasure changes in alignnent of the wall from the vertica
of +2 inches with an accuracy of #0.0l inches over a height of 68 feet.
Details of the instrument and its nethod of operation can be obtained through
the Instrunentation Services Division of the WES

(4) Data Collection. The deflection pipe is read by noving the
plumb bob within the deflection pipe until an electrical circuit is conpleted
The plunmb bob is noved towards or away from the contact bar by means of the
defl ectoneter shown in Figure 4-8.  The circuit, which consists of a battery,
an ohmmeter, and the plunb bob, is an open circuit whenever the plunmb bob is
not touching a contact bar. It becones a closed circuit when the bob touches
a bar. The reading technique consists of noving the deflectoneter so that the
plumb bob approaches a contact bar. The proximity of the plunb bob to the
contact bar may be nonitored by observing the ohmeter. As the plunb bob
comes in close proximty to the contact bar, the infinite reading on the ohm
meter will begin to drop. At this point, novement of the deflectoneter should
be slowed and the ohmeter monitored until the resistance drops to, or close
to, zero. \Wen the resistance measures zero, contact has been nade and the
dial gage attached to the deflectoneter can be read. The same procedure is
followed to read the contact bar on the opposite side of the pipe. Wth these
two readings an average can be conputed that describes the location of the
center of the pipe. Figure 4-11 shows a sanple deflection pipe data sheet
with computations for 11 sets of readings through a nonolith. The sheet con-
tains each dial gage reading (E, Wor N, S), the conputation that describes
the center of the deflection pipe, (E + W)/2., and a check calculation that
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Figure 4~10. Schematic Diagram of Equipment Used for Measuring
Wall Deflections

should equgl phe distance between opposing contact bars, ]E - wl + P.B. This
pheck read[ng i nsures that the dial readings were recorded properly. For
Instance, in Figure 4-11, the check conputation made for the dial readings of
coupling No. 7 nade on 8 July shows an error. The check calculation should be
4.750 £ 0.001. A check of the dial reading data shows that the 2.894 reading
s suspect and should be corrected to 2.794. Figure 4-12 shows the conputa-
tion sheet for the data in Figure 4-11. The deflection conputation is made b
conputing the difference between the center of the pipe at the elevation in y
question, and the center of the pipe at the |owest mneasurable elevation. *

* This procedure assunes.that the | owest point in the pipe does not nove,
whi ch makes the deflection of all the points above the |owest one relative
to the novenent of the |owest point.
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WALL DEFLECTION PIPE DATA SHEET
Project __SAMPLE DATA SHEET Deflection Pipe No. _S1
Plumb Bob Dia._%4:299  oObserved by Date 5 Jan & 8 Jul
Dial Reading Dial Reading

Coupling Counter T T W |E-W TIE | v-s|

No. Reading E W — +P.B. N s 5 +P.B,
DATE 5 Jan
1 E1. 30.0 3.482 | 3.032| 3.257 | 4.749 |3.366 |2.914 | 3.140 | 4.751
2 35.0 13.472 | 3.022] 3.247 | 4.749 |3.392 |2.940 | 3.166 | 4.751
3 40.0 3.457 | 3.007] 3.232 | 4.749 |3.380 [2.937 | 3.163 | 4.751
4 45.0 3.420 | 2.969] 3.194 | 4.750 {3.357 12.906 | 3.132 |4.750
5 - 50.0 3.372 | 2.922] 3.147 | 4.749 13.345 [2.893 | 3.119 |4.751
6 55.0 3.294 | 2.844| 3.069 | 4.749 [3.330 12,879 | 3.104 }4.750
7 60.0 3.218 | 2.767) 2.992 |4.750 {3.304 |2.852 | 3,078 t4.75
8 65.0 3.120 | 2.670] 2.895 | 4.749 13.281 {2.829 | 3.055 |4.751
9 70.0 2.983 | 2.533| 2.758 | 4.749 |3.241 [2.789 | 3.015 |4.751
10 75.0 2.857 | 2.407| 2.632 |4.749 |3.191 {2.739 | 2.965 |4.751
11 80.0 2.672 | 2.222| 2,447 |4.749 |3.116 |2.664 | 2.890 |4.751
DATE 8 Jul
1 F1. 30.0 3.183 | 2.73312.958 | 4.749 13.850 13.399 | 3.625 |4.750
2 35.0 3.143 | 2.693]2.918 |4.749 |3.896 [3.444 | 3.670 ]4.751
3 40.& 3.115 | 2.665| 2.890 |4.749 [3.901 |3.449 | 3.675 |4.751
A 45.0 3.056 | 2.606] 2.831 |4.749 13.870 |3.419 | 3.645 [4.750
5 50.0 2.988 | 2.537 | 2.763 |4.750 {3.834 13.383 | 3.609 |4.750
3 55.0 2.896 | 2.446| 2.671 | 4.749 }3.800 |3.348 | 3.574 |4.751
7 60.0 % 2.342 3%%@1% ﬁ%‘f 3.749 [3.298 | 3.524 |4.750
8 65.0 2.659 | 2.208 | 2.434 |4.750 |3.714 {3.263 } 3.489 14.750
9 70.0 2.509 | 2.059| 2.284 |4.749 |3.658 |3.207 | 3.432 [4.750
10 . 75.0 2.358 ] 1.908 | 2.133 [4.749 [3.601 {3.149 |3.375 |4.751
11 80.0 2.173 | 1.723)1.948 |4.749 [3.536 |3.084 | 3.310 |4.751

s
IS Fom o 10

Figure 4-11. Data Sheet for Deflection Pipe Readings
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DEFLECTION PIPE COMPUTATION SHEET
PROJECT Sample Computation Sheet
DEFLECTION PIPE NO. Sl OBSERVED BY DATE 5 Jan & 8 Jul
East-West Direction North-South Direction
Contact Center Center
Date Elev Reading Deflection Reading Deflection
5 Jan 30.0 3.257 0 2.914 0
35.0 3.247 W 0.010 2.940 ‘S 0.026 (1)
40.0 3.232 W 0.025 2.937 S 0.023 (&) -
45.0 3.194 W 0.063 2.906 N 0.008 (-)
50.0 3.147 W 0.110 2.893 N 0.021° (=)
55.0 3.069 W 0.188 2.879 N 0.035 (=)
60.0 2.992 W 0.265 2.852 N 0.062 (-)
65.0 2.895 W 0.362 2.829 N 0.085 (-)
70.0 2.758 W 0.499 2.789 N 0.125 (=)
75.0 2.632 W-0.625 2.739 N 0.175 (=)
80.0 2.447 W 0.810 2.664 N 0.250 (-)
Fast-West Direction North-South Direction
Contact Center Center
Date Elev Reading Deflection Reading Deflection
8 Jul 30.0 2.958 0 3.625 0
35.0 2.918 W 0.040 3.670 S 0.045 (+)
40.0 2.890 W 0.068 3.675 S 0.050 (+)
45,0 2.831 W 0.127 3.645 S 0.020 (+)
50.0 2.763 W 0.195 3.609 N 0.016 (=)
55.0 2.671 W 0.287 3.574 N 0.051 (=)
60.0 2,5 W-0--3450 W0.3%0 3.524 N 0.101 (=)
65.0 2.434 W 0.524 ) 3.489 N 0.136 (-)
70.0 2.284 W 0.674 3.432 N 0.193 (~)
75.0 2.133 W 0.825 ) 3.375 N 0.250 (=)
80.0 1.948 W 1l.01 3.310 N 0.315 (=)

Figure 4-12. Conputation Sheet for Deflection Pipe
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*The data are typically reported as a graph of elevation versus deflection as
shown in Figure 4-13, which is a graph of the conmputed data from Figure 4-12.

4-11. Instruments that Measure Surface Tilt. This category of tiltmeter
includes the instruments that are located at one site, and provide a record of
tilt for a given location. They may be fixed, in which case a pumber of these
instruments may be necessary to describe the tilt of a structure, or they may
be moveable in which case one unit is moved around and used to measure the

tilt at a number of locations. In general, the former can be automated, and
the latter must be accomplished by manual means. *

a. FElectrolevel.

(1) The "Electrolevel”, shown in Figure 4-14, is a British instru-
ment which is designed to provide a renote-reading facility for measurenent
and control of small angular novenents. It has a spirit level vial with a

preci sion-ground upper surface that is filled with an electrically conducting
liquid and has three electrodes of platinumrigidly attached to the inner sur-
face. The liquid is an alcoholic solution that has virtually the sane proper-
ties as the liquid of a spirit level. The bubble runs on the curved surface
which is free from discontinuities over the operating range. Myvenent of the
bubbl e changes the electrical resistance values between the inner and outer

el ectrodes. By using an alternating current bridge circuit the bubble
position can be read with a pointer-type instrunent (meter novenent).

(2) The Electrolevel vial provides an electrical signal propor-
tioned to the angular deviation from horizontal over a range of 30 nminutes of
arc. \Wen used with a bridge circuit and detector anplifier, indications of
tilt of less than 1 second of arc can be displayed. The Electrolevel heads
can be located at distances up to 300 feet fromthe detector. Mre detailed
information about this tilt neasuring device can be obtained from Tellurometer
U S.A Division of Plessey Incorporated, 87 Mrcus Boul evard, Hauppauge, New
York 11787.

* b. Applied Geonechanics AG 700. This tiltmeter is simlar to the
el ectrolevel, but neasures tilt angles to a resolution of 0.02 seconds of arc.
It is manufactured by Applied Geonmechanics, Incorporated of Santa Cruz, Cali-
fornia. The neter, along with a readout instrument, is shown in Figure 4-15.
It is manufactured as both a single-axis and a dual-axis tiltmeter.

(1) Description. The AG@ 700 surface mount tiltmeter detects tilt
through the notion of a bubble in an electrolytic sensor simlar to a spirit
level. As the meter changes tilt angle, the sensor changes resistance. The
resistance elenent is part of an internal bridge network, and the change in
resi stance affects the output voltage of the tiltneter.

(2) The AGI 700 electronics are contained on three printed circuit
boards in the meter. The Power Supply board contains the power supply regu-
lating circuitry. The AGI-700 is externally powered by a *12 VDC, 50 mA power
supply. This board also contains circuitry to perform temperature %
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Figure 4-15. Applied Geonechanics AG 700 Surface Munt Tiltmeter
wi th Read-Qut Box

calibration and anplification, as well as provide clock circuitry. The dual
amplifier circuit board contains the balance bridge, the amplifier, the recti-
fier, and output circuitry for both axes of tilt output. The third circuit
board, the switchboard, contains gain and filter circuitry, switches to con-
trol these functions, and signal input/output circuitry.

(3) All circuitry as well as the sensors are housed in an anodi zed
6061-T6 al um num dome and base. The dome is secured to the alum num base and
is gasketed at the intersection to prevent ingress of water and other foreign
mat eri al s.

(4) Tilt Ranges. As conventionally manufactured by Applied Geo-
mechanics, the AG-700 can neasure tilt angles in one of three ranges;

160 degrees, 5 degrees, and 0.5 degrees. The conpany says they can custom
manuf acture sensors for other ranges. Wthin each range described above, the
sensor can be adjusted to nmonitor one of two subranges by changing the posi-
tion of a gain switch nounted on the done of the meter. For exanple, a
tiltmeter designed for the £0.5-degree range can monitor tilting in the *24-
arc-mnute range with the gain switch set to low, and nonitors tilt angles of
$2.4 arc minutes with the gain switch set on high.
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(5) Sensitivity. Tiltneters designed for the +60-degree range
have output sensitivity (resolution) of 2-arc-seconds on high gain setting and
20-arc-seconds on low gain. On the other end of the range designs, a tilt-
meter designed for the +0.5-degree range has sensitivity of 0.02-arc-seconds
on the high gain setting and 0.2-arc-seconds on the low gain setting. The
particular sensor should be chosen to match range and sensitivity needs of the
application.

(6) Installation Procedure. The AG-700 should be nounted on a
clean, hard, snooth surface such as a concrete floor or a steel girder.
Mounting the tiltnmeter on soft surfaces such as weak rock strata or soils will
affect the accuracy of the output fromthe meter. The base plate of the neter
cones with three Invar or brass leveling screws nmounted through the plate. If
the tiltmeter is to be nounted on a flat horizontal surface, the leveling
screws can rest on the flat surface. The tiltneter should be installed out of
the way where it will not be disturbed for security purposes. Once the |evel-
ing screws are set, the tiltmeter can be leveled by adjusting the screws to
get a zero voltage output fromthe meter. |If the tiltneter is to be installed
on a vertical surface, then the conpany makes a special vertical nounting
bracket for this type of installation.

(7) Calibration. The AG-700 is calibrated at the factory prior to

bei ng shipped to the customer. This is done by putting the meter on a special
tilting stage and adjusting the neter output for a known input tilt angle.
Al tiltmeters should already be calibrated when purchased. At the site, they
should be leveled as described in the previous paragraph. |f the meter should
require field calibration, it can be renmobved fromits measurenent |ocation and
placed on a sinilar stage for calibration.

(8) Data Collection. The tiltmeter can be purchased with an
Appl i ed CGeomechanics readout instrument, or it may be purchased separately and
integrated into a data acquisition system The AG@ readout unit supplies the
power to the tiltmeter, and provides a display for reading the tilt data. The
readout unit has a rechargeable 12-V battery such that there is no need for
access to an outlet when reading the neters. The AG@-700 plugs into the front
of the readout unit (see Figure 4-15) and displays tilt for both x and y axes
internms of nV of output. The output nV are converted to angul ar degrees of
tilt by applying a gain factor and a conversion factor supplied by the
manuf act ur er.

C. Swiltoneter. This instrunent, manufactured by Structural Behavior
Engi neering Laboratories, Inc. of Phoenix, Arizona, is a subnminiature servo
system that nounts on a structure, or at any location within the structure,
and is capable of nmeasuring sway, tilt, settlenment, and alignment of the
structure at the point of attachment of the instrument. The Swiltoneter is
al so capable of neasuring dynamic notion due to its use of miniature
accel eroneters as sensing devices.

(1) Description. As shown in Figure 4-16, the Swiltometer is
housed in a rugged casing which is securely bolted to the structure. The %
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* casing is either aluminum or stainless steel depending upon the corrosive
effects of the environment surrounding the neter. The base plate is an
L-shaped plate welded to the casing. This plate allows the Swiltoneter to be
attached to either a vertical or horizontal surface. The sensing elenent is a
D.C. servo acceleronmeter. There are three ranges of sensitivity, 0.1 G 1 G
and 5G with the 0.1-G range offering the highest degree of sensitivity. The
Swiltometer requires a 15-volt battery for power and the output signal from
the instrument is sent to a signal anplifier and then to the individual's
choice of output display, voltmeter, millivolt strip chart recorder or oscil-
| oscope. The Swiltoneter can be used to measure tilt or used to gather accel-
eration data since the instrument can survive up to 100-G shock | oads
(nonmentarily). The instrument can neasure tilt values as low as 0.0001 inches
per foot which translates to approximately 2 seconds of arc. The tilt can be
resolved into two conponents in two vertical planes, and as an accel eromneter
accelerations of as small as 0.001 G can be detected.

Figure 4-16. Swiltometer

(2) Installation Procedures. The Swiltometer is furnished with a
| eveling adapter which is a denpuntable turntable attachment to facilitate in
checking the levelness of precision platforns and surface tables. The Swlt-
ometer should be mounted on a flat metal platform which has been secured to
the structure to be neasured. The base or platform should be capable of being
adjusted by nmeans of a tribrach assenbly in order to insure |evelness at
installation. The Swiltoneter can be used to nmeasure tilt at more than one
location in a structure. For instance, if the tilt through a structure from

4-35



EM 1110-2-4300
Change 1
30 Nov 87

*crest to foundation is desired, the instrunent can be nmoved from one base
plate to the next with readings being made and recorded at each |ocation.

(3) Data Collection. In order to make static tilt measurenents
with the Swiltometer, the instrument nust be connected to a power source/
control unit. This unit is also shown in Figure 4-16. A typical data plot
woul d either be a graph of voltage (tilt) versus time in the case of an
instrument nonitoring one tilt location over a length of tine, or voltage
(tilt) versus location in a structure when the Swiltometer is noved through a
structure to give a picture of tilt with respect to elevation.

d. Portable Horizontal-Vertical Tiltneter. Slope Indicator Co. makes
a surface-nounted tiltmeter that is portable end can neasure tilt in both the
vertical and horizontal planes.

(1) Description. The neter (Figure 4-17) consists of a 6-inch
diameter, 3-inch high, closed-loop, force balanced servo-accel eroneter sensing
element; a tenperature stable ceranic reading plate; and a readout indicator.
It is portable so it can be noved from location to location to nmonitor tilt at
multiple locations, requiring only one instrunent. The only part of the
instrument that is fixed to the structure is the ceranic base.

Figure 4-17. Portable Horizontal-Vertical Tiltnmeter Sensor in Reading
Position on Ceranmic Tilt Plate
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(2) Installation Procedures. The ceramc base plate is the por-
tion of the instrument which is installed. It is bonded to the structure by
means of grout or epoxy. Standard surface preparation procedures for epoxy-
bondi ng should be followed in this matter. Every effort should be made to get
the ceranmic plate bonded in the horizontal plane or the vertical plane since
any deviation will reduce the range through which the instrument will effec-
tively operate. |If the systemis to nonitor tilt in a structure where the
surface material is not sound enough to act as a base for attachment of the
neter, then the following procedure should be followed. The instrunment will
be nmounted to a base plate assenbly that is anchored into the structure a few
feet below the surface of the structure. A borehole approxinmately 8 inches in
di aneter should be drilled down into sound naterial. The depth of penetration
of the borehole through the sound material should be at least 2 feet. Blast-
ing is not recomrended since this could damage the sound material. A stee
pipe 4 to 6 inches in dianeter and |long enough to reach from the bottom of the
borehole to the surface of the structure should be inserted into the center of
the borehole, and structural grout should be placed around the pipe up to the
top of the sound material (Figure 4-18). Wen this has hardened, the remain-
der of the hole should be backfilled with a soft insulating material such as
fiberglass or Styrofoam beads. This will insulate the exposed pipe shaft and
prevent any novement of the base of the instrument due to tenperature changes.
It will also insure the isolation of the base of the instrunent should the
unsound upper l|ayer of material have a tendency to nove independently of the
| ower |ayer.

(3) Method of QOperation. The portable tiltmeter utilizes a
cl osed-1oop, force-balanced servo-acceleroneter sinmlar to the Digitilt
inclinometer (paragraph 4-10a.). It senses changes in tilt in one plane per-
pendicular to the surface of the ceramc plate. To operate, the sensor is
lined up on three of the pegs in the plate and an angle is read on the four-
digit indicator display. The display reads 2 sine 0 over the standard operat-
ing range of *30 degrees where O is the inclination from the vertical, thus
al | owing angul ar deformations of 10 seconds to be nonitored. This is equiva-
lent to a displacement of 200 pinches over the 4-inch |ength between pegs of
the ceranic plate

(4) Calibration and Reading. A nethod of measuring the accuracy
of the portable tiltmeter should be obtained. It should have a sensor that
allows for checking of the tilt angles throughout the range of the tiltneter
from horizontal measurenent through nmaxinum angle of tilt with at |east one
internedi ate neasurement. The accuracy of the calibration device should be at
| east as accurate as the tiltmeter. The portable tiltmeter units should be
calibrated both before and after each day's use. This will ninimze the
occurrence of instrunent errors. At each ceranic plate, readings should be
taken by wiping the plate with a clean dry cloth to make sure there is no
debris on the plate and then placing the instrunent on three of the four
points on the plate and reading the output voltmeter. This procedure should
be repeated until consistent readings are obtained. The instrument shoul d
then be rotated 180 degrees and the above procedure repeated. Pairs of
readi ngs taken 180 degrees apart are averaged to correct for face error.
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Figure 4-18. Drilled-in Installation of Tiltneter

Additionally, sets of readings simlar to the above should be nade with the
instrument at 90 degrees to the original orientation to record the transverse
tilt as well as the axial tilt of the structure. Typical reporting of results
are by graph as shown in Figure 4-19.

e. Autocollimating Tilt Measurenent Systens. A method of measuring
tilt of a structure using an automatic level equipped with an autocollimating
eyepi ece and an optical vernier has been devised recently at the US. Arny
Engi neer Topographic Laboratories. This system can neasure both short- and
long-termtilt of a structure and has the accuracy of about 2 seconds of arc
over a range of #7.5 ninutes of arc.

(1) Description. The system as shown in Figure 4-20, consists of
a Zeiss N 2 Automatic Level, an autocollimating eyepiece, an optical vernier,
and a calibration mrror. Long-term neasurenents of tilt are nade of perna-
nently nounted structure mirrors. These mirrors are attached to each vertical
surface where neasurenent of tilt is required. As the vertical surface tilts,
the mirror follows the nmoverment and the systemis designed to detect these
smal | deflections. For short-term neasurenents, such as those encountered .

®
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Figure 4-19. Typical Gaph of Horizontal-Vertical Tiltmeter Data

Figure 4-20. Autocollimting Tilt Measurement System

4-39



EM 1110-2-4300
Change 1
30 Nov 87

*during the filling-enptying cycle in a lock, a tripod nounted mrror may be
used.

(a) Autonmtic Level. There are several conpeting autonatic
levels with conparable qualities. However, the Zeiss NN 2 automatic level is
the only automatic level known to be suitable because it is the only one which
may be fitted with a standard autocollimting eyepiece and has a reticle
graduated over a range of several nminutes of arc.

(b) Autocollinmating Eyepiece. The autocollimating eyepiece
consists of a small lanp, half-silvered diagonal mrror, a reticle for reading
angles, and an eyepiece for viewing the reading reticle. The use of the auto-
collimating eyepiece will turn the automatic level into an autocollinator
which is a widely used device for nmeasuring snall angles.

(c) Optical Vernier. The optical vernier consists of essen-
tially an optical wedge nounted within a rotating stage. The optical vernier
may be used to deviate the line of sight by a known anount. In use, the wedge
is rotated until the cross hair image is brought into coincidence with one of
the reticle graduations. The rotation of the wedge needed to acconplish this
is an accurate neasure of the difference in seconds between the inage and the
reticle line.

(d) Calibration Mrror. Because of the errors in the auto-
matic |evel conpensator and in the positioning of the autocollimtor reticle,
it is necessary to calibrate the system before use so that all nmeasurenents,
even those taken years apart, wll be related to a commobn base, i.e., the
direction of the vertical or gravity vector. The calibration of the systemis
performed by using a calibration mrror which consists of a two-sided mrror
mounted to a tribrach in an approximately vertical position and a reading of
tilt is nmade of one face with the instrunent. Wthout noving the calibration
mrror, the instrunment is then used to nake a reading of the other face. The
mean of the two readings is the error of the system and should be used to
correct the readings of the structure mrrors.

(e) Structure Mrror. The mrror assenbly consists of a high
quality surface mrror and an adjustable mrror mount. The nmirror is round,
approximately 2 inches in diameter and 1/2 inch in thickness. The purpose of
the adjustable nount is to both hold the mrror rigidly in position and to
provide a means for initially adjusting the mrror to a nearly vertical
posi tion.

(2) Installation Procedures. The structure mrrors are the only
part of the systemthat nust be installed. The nirror nmust be mounted in such

a manner that it accurately follows the tilt of the structure. In addition,
the mount nust not distort the nirror so that an unclear image is seen in the
autocol limator. Using |/4-inch-diameter stainless steel anchor bolts and

stainl ess washers for mounting the mirror is recommended. The anchors bolts
shoul d have a sufficient length to provide at least 1-1/2 inches of enbednent *
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*length. A steel metal cover box may be used to protect the mrror surface
from damage and to protect the mirror assembly from accidental novenent.

(3) Method of Operation. Wen the |anp of the autocollinmating
eyepiece is turned on, it illumnates the cross hair of the automatic |evel.
The focus of the level is set for infinity and the objective lens of the |evel
projects an imge of the cross hair along a collinmated beam against a structure
mrror, the tilt of which is being measured. The structure mrror, which is
usually placed within a few inches to a few feet fromthe instrument, reflects
the cross hair image back into the level, where it comes to a focus in the
plane of the original cross hair. An observer looking into the eyepiece wll
see both the cross hair and its inmge, with the displacenent between the two
bei ng proportional to the degree of the tilt of the structure mrror. The
observer will also see the neasuring reticle graduated in increnents of 10 arc
seconds. Using this reticle and the displacement between the cross hair and
its image, a quantitative neasurement may be nmade of the tilt of the mrror
with respect to the optical axis of the level. Detailed instrunents for
assenbly of the instrunent, calibration, and neasurements of the tilt of the
structure mrror can be obtained from U S. Army Engineer Topographic
Laboratories, Ft. Belvoir, VA

4-12. Terzaghi Water Level Meter.

a. GCeneral. The Terzaghi water level neter is used to neasure dif-
ferences in elevation of floors, footings, colums, walls, galleries in dams
or any place where leveling could be used. Mbst frequent use of the water
level is in neasurement of differential settlements in structural foundations
in buildings, power plants, dans, and simlar structures. The measuring
points can be permanently or sem-permanently installed in walls, colums, or
piers for measurement against a permanent bench mark. [Its principle of
operation is the neasurenents of the water level in two cylinders that are
connected by a flexible tube. The water level nay be used to deternmine dif-
ferences in elevation between two points to an accuracy of 0.005 inch within a
range of 6 inches. The apparatus shown in Figure 4-21 consists of two plastic
sight tubes each of which is connected with a variable height setting to a
mounting frame. The cylinders nmay be positioned on the mounting frame at
|/2-inch intervals over a range of 6 inches. The two sight heads are con-
nected with plastic tubing and have air relief valves. A so, a tapered-point
mcroneter, graduated to 0.001 inch is nounted in each sight head. By setting
the point of the microneter at the water level in each cylinder and reading
the mcrometer and mount setting, the difference in elevation between fixed
points on each cylinder assenbly nmay be determ ned.

b. Operation. To use the water level, both cylinders and tubing are
filled with water that is free fromair bubbles. The two cylinders are placed
into their frames such that the water level is within range of the point of
the mcroneters. The observations are taken sinultaneously, and a mninmm of
two sets of readings should be taken. After neking the first set of readings,
the cylinder assenblies should be interchanged and a second set of readings
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Figure 4-21. Terzaghi Water Level Gage (Courtesy of Soiltest Inc.)

taken. The difference in elevation between the two points should then be
computed as the average of the difference of the two readings.

C. Reading the Gage. In nmeking a neasurenment, the reading should be
taken when the nmicrometer point just touches the water surface. To record a
reading, count the nunber of holes above the base of the mobunting frame to and
including the hole where the head is attached. The |owest hole should be
considered as zero. Miltiply the number of holes by 1/2, and record this as
inches. Read the nmicroneter setting, and add this value to the above. The
mcrometer is graduated to readings of 0.001 in. The nunbers on the nicro-
meter post represent tenths of inches. The sum of the nounting franme reading
in inches and the microneter reading represent the total reading and should be
recorded. The difference between the recorded values for each cylinder
represents the difference in elevation between the nounting points.
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a. Precautions. The tube connecting the levels should not be exposed
to variations in tenperature throughout its length, since |ocal changes in
density of water will occur. For this reason it is necessary to isolate the
tube from any hot water pipes, etc., and also to keep it out of direct
sunlight. If it is necessary to use this instrument in sub-freezing tenpera-
tures, it has been found that a saturated salt solution can be used in place
of water. Such a solution is well suited for this purpose since its coeffi-
cient of volume change is considerably smaller than that of other conmon
antifreeze solutions.

e. Availability. This gage is not conmercially available, but conplete
plans for construction of a gage can be obtained from either the Structures
Laboratory, U S. Arnmy Engineer Waterways Experinment Station, Vicksburg, M, or
the Structures Branch, US. Arny Corps of Engineers, Wshington, DC
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PROJECT
FIELD READING SHEET-DEFLECTION MEASUREMENTS
MONOLITH ——__ PLUMB LINE NO.______ READING STA. ELEV. DATE TIME
WEATHER MEAN DAILY TEMP.____ _ POOL ELEV. TW ELEV.
REFERENCE MARK PLUMB LINE DEFLECTION
|
RIGHT EDGE LEFT EDGE «
BAR TRIALL Ceom| e rom e :._;uzJ W |posi
RIGHT|LEFT " |From|FromM| .- | FROM|FROM |, o [ Z3 " lTioN
RIGHT|LEFT “|riGuT]LEerT [AVS | &
(1) (2) (3) (4} (s) (6) (7) (8) (9 | oy {1y a2y [ 3 | (14

EXPLANATION:

IN COL. 1 SHOW REFERENCE BAR DESIGNATION.
IN COL. 2 SHOW OBSERVATION TRIAL NUMBER. A MINIMUM OF 3 TRIALS ARE USUALLY REQUIRED.

IN COLUMNS 3 AND 4 INSERT READINGS OF THE SLIDE MICROMETER WHEN THE MICROSCOPE 1S
CENTERED ON THE REFERENCE MARK FROM THE RIGHT AND LEFT, RESPECTIVELY.

IN COL. 5 INSERT THE AVERAGE OF COLS. 3 AND 4.

COLUMNS 6 AND 7, AND 9 AND 10, ARE SIMILAR TO COLS. 3 AND 4, BUT ARE RECORDED WHEN THE
MICROSCOPE IS CENTERED ON THE PLUMB LINE.

COLUMNS 8 AND 11 ARE THE AVERAGES FROM COLS 6 AND 7,AND 9 AND 10.

IN COL. 12 RECORD THE MEAN OF THE VALUES IN COLS. 8 AND 11. THIS REPRESENTS THE PGSITION OF
THE CENTER OF THE PLUMB LINE WIRE.

IN COL. 13 INSERT THE NUMERICAL DIFFERENCE BETWEEN COLS. 5 AND 12, WITHOUT REGARD TO
ALGEBRAIC SIGN.

IN COL 14 RECORD THE POSITION OF THE PLUMB LINE WIRE WITH RESPECT TO THE REFERENCE MARK,
EITHER U/S OR D/S, OR R/A OR L/A WHEN READING PARALLEL TO DAM AXIS. THIS USUALLY CAN BE
EASILY DETERMINED BY EYE WITHOUT THE USE OF THE MICROSCOPE.

448 PLATE 4-3
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